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(57) ABSTRACT

Methods and apparatuses are provided for searching a least-
cost path between a source node and a destination node in a
communication network. A set of costs associated with least-
cost paths from the source node to a set of intermediate nodes
is first determined. A least-cost path in a reverse direction
from the destination node to an intermediate node is also
determined. The intermediate node is selected based at least
on a first cost associated with the least-cost path from the
destination node to the intermediate node, and a second cost
associated with a least-cost path from the source node to the
intermediate node that was first determined. Accordingly, the
least-cost path between the source node and the destination
node might then be calculated by using the second cost as
heuristic information.
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Allow a user to specify a number such
that a total number of nodes in a
plurality of nodes is at least the number

Use modified Dijkstra’s algorithm to
search least-cost paths from the source
node to the plurality of nodes; a set of
costs associated with the least-cost
paths is stored

Search least-cost paths between
source node and other destination
nodes with modified A* algorithm by
using the set of costs as heuristic
information

Fig. 2

US 9,049,145 B2



U.S. Patent Jun. 2, 2015 Sheet 3 of 3 US 9,049,145 B2

310
\ Allow a user to simultaneously multiply each cost associated with
each path between adjacent nodes by a factor

315 l

\ Allow the user to enter a command for selecting a method for
searching a least-cost path between a source node and a destination
node
320 Allow the user to specify a 325
\ number such that a total number Allow the user to alternatively [/
of nodes in a plurality of nodes is specify a percentage number
at least the number

l l

\ Determine a set of costs, each cost being associated with a respective
one of a plurality of least-cost paths from source node to the plurality
of nodes, the plurality of nodes including an intermediate node

345 l

\ Store the set of costs
360 X
\ Determine a least-cost path from the destination node to the

intermediate node

Y

365
\ Select the intermediate node

A 4

370
\ Transmit communication data along the least-cost path between the
source node and the destination node

Fig. 3
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1
METHOD AND APPARATUS FOR
CALCULATING MPLS TRAFFIC
ENGINEERING PATHS

BACKGROUND

This application relates generally to searching a least-cost
path in a communication network. More specifically, this
application relates to methods and apparatuses for calculating
Multi-Protocol Label Switching (“MPLS”) traffic engineer-
ing (“TE”) paths.

MPLS networks are becoming widespread. The exponen-
tial growth of the Internet and communication networks in
general has not only resulted in a similar growth in the quan-
tity of network traffic, but also in greater needs for better
quality of service (“QoS”). Meanwhile, emerging applica-
tions such as voice, video, and business-critical functions will
only result in even greater needs for more bandwidth and
higher quality of service. One solution that is becoming wide-
spread to better meet these needs is MPLS technology.

Besides being better suited for IP-based networks than
certain existing technologies, one key advantage provided by
MPLS is improved manageability. Namely, MPLS provides
traffic engineering for minimizing network congestion, meet-
ing quality of service requirements, and providing network
reliability and availability. One component of traffic engi-
neering is configuring and/or calculating MPLS traffic engi-
neering paths.

A MPLS network includes a network of label switch rout-
ers (“LSR”). End-to-end paths through the network of LSRs
can be configured and/or calculated for a variety of purposes,
such as to meet bandwidth and/or quality of service require-
ments. These end-to-end paths are labeled switch paths
(“LSP”) that are also referred to as MPLS traffic engineering
LSPs or MPLS traffic engineering paths.

To better meet needs such as for more bandwidth and
higher quality of service, there is a general need for improving
MPLS technology and accordingly a need for new and
improved methods and apparatuses for calculating MPLS
traffic engineering paths.

BRIEF SUMMARY

Embodiments of the invention provide new and improved
methods and apparatuses for calculating MPLS traffic engi-
neering paths. In one set of embodiments, a set of least-cost
paths from a source node to a set of nodes in a communication
network is first searched. A modified Dijkstra’s algorithm
might be used in searching the set of least-cost paths. After
obtaining good knowledge about the communication network
as a result of searching the set of least-cost paths, the knowl-
edge can be used as heuristic information in searching for
other paths between the source node and other nodes in the
communication network. This new and improved artificial
intelligence heuristic search framework might use an algo-
rithm including one based on A* to take advantage of the
heuristic information in searching for the other paths in some
embodiments.

Accordingly, configuration and/or calculation of MPLS
traffic engineering paths can be made more efficient with the
use of the heuristic information. MPLS technology is thus
improved to better meet needs such as for more bandwidth
and higher quality of service. Additionally, using the heuristic
information advantageously provides greater efficiency gains
as the communication network grows larger and/or as more
paths to more nodes are calculated. As more paths are calcu-
lated, more knowledge about the communication network is
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accumulated. This ability to accumulate and use the accumu-
lated heuristic information is expected to be particularly ben-
eficial to large service provider’s MPLS networks and/or as
MPLS networks grows larger in general.

In one embodiment, a method for searching a least-cost
path between a source node and a destination node in a com-
munication network might include determining a set of costs.
Each cost in the set of costs is associated with a respective one
of a plurality of least-cost paths from the source node to a
plurality of nodes in the communication network. The plural-
ity of nodes might include an intermediate node, and the
intermediate node might be associated with an intermediate
least-cost path in the plurality of least-cost paths. The method
might also include determining a least-cost path from the
destination node to the intermediate node. The method might
further include selecting the intermediate node based at least
on a first cost associated with the least-cost path from the
destination node to the intermediate node and a second cost
associated with the intermediate least-cost path from the
source node to the intermediate node. The intermediate node
might be in the least-cost path between the source node and
the destination node. Additionally, the method might include
transmitting communication data along the least-cost path
between the source node and the destination node.

The methods of the invention may be embodied in an
apparatus comprising a communication interface, a storage
medium, a controller, and a set of instructions executable by
the controller for operating the apparatus in accordance with
the embodiments described above. The methods of the inven-
tion may also be embodied in a computer-readable storage
medium having a computer-readable program embodied
therein for directing operations of an apparatus including a
controller. The computer-readable program includes instruc-
tions for operating the apparatus in accordance with the
embodiments described above.

BRIEF DESCRIPTION OF THE DRAWINGS

A further understanding of the nature and advantages of
particular embodiments may be realized by reference to the
following drawings. In the drawings, like reference labels are
used throughout the several drawings to refer to similar com-
ponents. In some instances, a sublabel is associated with a
reference numeral followed by a hyphen to denote one of
multiple similar components. When reference is made to a
reference numeral without specification to an existing subla-
bel, it is intended to refer to all such multiple similar compo-
nents.

FIG. 1 provides a schematic diagram illustrating a MPLS
network and searching a least-cost path between a source
node and a destination node in an embodiment of the inven-
tion.

FIG. 2 provides a high level block diagram summarizing
methods for searching a least-cost path between a source
node and destination nodes in an embodiment of the inven-
tion.

FIG. 3 is a flow diagram summarizing methods for search-
ing a least-cost path between a source node and at least a
destination node in an embodiment of the invention.

DETAILED DESCRIPTION

Embodiments of the invention provide new and improved
methods and apparatuses for calculating Multi-Protocol
Label Switching (“MPLS”) traffic engineering (“TE”) paths.
As used herein, the term “node” is intended to be construed
broadly as encompassing a point in a path of communication.
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Insome instances, anode may be a termination or intersection
node that connects at least one or two segments of a path. The
path of communication might be through any type of com-
munication network. The term “communication network” is
intended to be construed broadly as encompassing any net-
work that carries communication data, be it electrical or pho-
tonic.

Merely by way of example, in one embodiment, the com-
munication network might be a MPLS network. In the MPLS
network, a source node might be an ingress edge label switch
router (“LLSR”) or a source L.SR that receives an incoming
packetand labels the packet. The packet is forwarded to anext
LSR (sometimes called a core LSR) in the MPLS network
along a label switch path (“LSP”) in accordance with the
label. When the packet reaches an egress edge LSR, the egress
edge LSR removes the label and delivers the packet as the
packet exits the MPLS network. The egress edge LSR might
be a destination node or a destination LSR.

Accordingly, calculating the LSP through the MPLS net-
work involves searching a path through the network of LSRs.
Optimally, the path is one that is associated with a least-cost
among all possible paths. A cost might be associated with
certain metrics. Meanwhile, a possible path might also be
subject to certain constraints including bandwidth require-
ments, quality of service requirements, and/or certain affini-
ties. An “affinity” generally refers to an administrative con-
straint for avoiding or including certain paths. It is noted that
a least-cost (or “shortest™) path that satisfies a set of con-
straints is called a Constrained Shortest Path First (“CSPF”)
path.

A modified Dijkstra’s algorithm might be used to first
search for a set of least-cost paths from a source LLSR to a set
of destination L.SRs. The modification to the algorithm pro-
vides that paths that violate any constraint are eliminated. At
least a set of costs, with each cost being associated with a
respective path in the set of least-cost paths, is stored because
it can beneficially provide knowledge about the MPLS net-
work in some embodiments. Subsequently, a path between
the source LSR and another destination LSR might be
searched by using an algorithm including one based on A*
that can take advantage of the stored knowledge by using
information from the set of costs as heuristic information in
some embodiments. The use of heuristic information can
greatly improve search efficiency especially as more knowl-
edge is gained about the MPLS network.

FIG. 1 provides a schematic diagram illustrating a MPLS
network and searching a least-cost path between a source
node and a destination node in an embodiment of the inven-
tion. The MPLS network includes a network of LSRs 110. A
first LSR 110-1is “adjacent” to a second LSR 110-2, meaning
that there is no intervening L.SR in between. It is noted that a
path might include one or more “links,” and a path between
two adjacent LSRs might include one “link.”” A first direc-
tional metric might be associated with a first link from the first
LSR 110-1 to the second LSR 110-2. Likewise, a second
directional metric might be associated with a second link
from the second LSR 110-2 to the first LSR 110-1. The two
directional metrics might be the same or different. In some
embodiments, the first directional metric might be used as a
cost associated with the first link, and the second directional
metric might be used as a cost associated with the second link.
In other embodiments, the first directional metric might be
used as a cost associated with both the first link and the second
link. A link might be associated with an infinite cost if the link
is unavailable (i.e., unreachable in a particular direction).

As shown, both links in either direction between the first
LSR 110-1 and the second LSR 110-2 are associated with a
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same cost A 150-1. Similarly, a link (or both links in either
direction) between the second LSR 110-2 and a third LSR
110-3 is associated with a cost B 150-2; a link between the
third LSR 110-3 and a fourth LSR 110-4 is associated with a
cost C 150-3; and a link between the fourth LSR 110-4 and a
fifth LSR 110-5 is associated with a cost D 150-4. Other links
are also shown, for example, between the first LSR 110-1 and
a sixth LSR 110-6, and between the first LSR 110-1 and a
seventh LSR 110-7. Indeed, the first LSR 110-1 has the fol-
lowing L.SRs adjacent to it: the second LSR 110-2, the sixth
LSR 110-6, and the seventh LSR 110-7.

To search for a least-cost path from the first LSR 110-1 to
the third LSR 110-3, with the first LSR 110-1 being a source
LSR and the third LSR 110-3 being a destination LSR, a
modified Dijkstra’s algorithm might be used. It is noted that
although the modified Dijkstra’s algorithm is being pre-
sented, details of Dijkstra’s algorithm is expected to be well
understood by those skilled in art. Prior to running the algo-
rithm, the following data structures are initialized to be
empty: OPEN_SET and CLOSED_SET. Additionally, a cost
function g(X), which is a cost associated with a least-cost path
among paths that have been found from the source LSR to a
destination L.SR X thus far, is initialized to infinity (or a very
large number) for all LSRs. The cost function g( ) is set to zero
for the source LSR.

It is noted that the CLOSED_SET will include a first set of
LSRs such that for each LSR in the first set of LSRs, a
least-cost path among all possible paths from the source LSR
to the each LSR has been found. Conversely, the OPEN_SET
will include a second set of LSRs such that for each LSR in the
second set of LSRs, a path from the source LSR to the each
LSR has been found; while the path is a least-cost path among
paths that have been found thus far, the path might not be a
least-cost path among all possible paths yet.

Atstep 1, add the source LSR 110-1 to the CLOSED_SET.

At step 2, let R, which is the LSR whose paths to all its
adjacent LSRsareto be scanned, be the LSR that has just been
added to the CLOSED_SET. Hence, an initial R would be the
source LLSR 110-1. For each N, with N being a LSR that is
adjacent to R, do the following. For example, in a first itera-
tion through the following, N might be the second LSR 110-2;
in a second iteration, N might be the sixth LSR 110-6; and in
athird iteration, N might be the seventh LSR 110-7. As noted
above, the three L.SRs are adjacent to the source LSR 110-1.

At step 2.1, if N is already in the CLOSED_SET, ignore N
and continue to next iteration.

At step 2.2, calculate a sum of g(R) plus a cost associated
with a path from R to N. For example, in the first iteration,
with R being the source LSR 110-1 and N being the second
LSR 110-2, the sum would be zero plus cost A 150-1.

Atstep 2.3, if the sum is less than an existing value of g(N),
update g(N) to be the sum. Otherwise, ignore N and continue
to next iteration.

At step 2.4, verify all constraints. If a path to N would
violate a constraint, discard N by setting g(N) back to its
previous value prior to the update at step 2.3, and continue to
next iteration.

At step 2.5, add N to the OPEN_SET.

Atstep 3, selectaLSR inthe OPEN_SET with alowest g().
Delete the LSR from the OPEN_SET and add the LSR to the
CLOSED_SET.

At step 4, repeat steps 2 and 3 until the destination LSR
110-3 is reached or the OPEN_SET becomes empty.

It will be understood by those skilled in the art that in
searching for a least-cost path from the source LSR 110-1 to
the destination LSR 110-3, a set of least-cost paths to other
destination LSRs in the CLOSED_SET is also found. Ben-
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eficially, at least a set of costs, with each cost being associated
with a respective path in the set of least-cost paths, is stored as
they provide valuable information about the communication
network in some embodiments.

Advantageously, a modified A* algorithm might be used to
take advantage of information from the set of costs in some
embodiments. Namely, g(X) for each LSR X in the
CLOSED_SET can be used as heuristic information. It will
be appreciated by those skill in the art that in the modified A*
algorithm, a new step 2.4.5 is inserted and step 3 is replaced
in the modified Dijkstra’s by using g(X) as heuristic informa-
tion. It will also be appreciated by those skill in the art that the
modified A* algorithm is applied to search for a least-cost
path from another destination LSR back to the source LSR,
rather than for a least-cost path from the source LSR to
another destination LSR.

For example, to subsequently search for a least-cost path
from the fifth LSR 110-5 back to the first LSR 110-1, with the
fifth LSR 110-5 being a new source LSR and the first LSR
110-1 being a new destination LSR, the following modified
A* algorithm might be used. Prior to running the algorithm,
the following data structures are also initialized to be empty:
OPEN_SET and CLOSED_SET. Likewise, a cost function
ag(X), which is a cost associated with a least-cost path among
paths that have been found from the new source LSR 110-5 to
a destination L.SR X thus far, is initialized to infinity for all
LSRs. The cost function ag( ) is set to zero for the source LSR.

Atstep 1, add the new source LSR 110-5 to the CLOSED_
SET.

At step 2, let R, which is the LSR whose paths to all its
adjacent LSRs areto be scanned, be the SR that has just been
added to the CLOSED_SET. Hence, an initial R would be the
new source LSR 110-5. For each N, with N being a L.SR that
is adjacent to R, do the following.

Atstep 2.1, if N is already in the CLOSED_SET, ignore N
and continue to next iteration.

At step 2.2, calculate a sum of ag(R) plus a cost associated
with a path from R to N. For example, in a first iteration, with
R being the new source LSR 110-5 and N being the fourth
LSR 110-4, the sum would be zero plus cost D 150-4.

At step 2.3, if the sum is less than an existing value of
ag(N), update ag(N) to be the sum. Otherwise, ignore N and
continue to next iteration.

At step 2.4, verify all constraints. If a path to N would
violate a constraint, discard N by setting ag(N) back to its
previous value prior to the update at step 2.3, and continue to
next iteration.

At step 2.4.5, update a heuristic cost function f(N) to be
ag(N) plus g(N). For example, suppose N is the third LSR
110-3, ag(N) might be cost D 150-4 plus cost C 150-3 (i.e.,
ag(N) might be a least-cost path from the new source LSR
110-5 to the third LSR 110-3), and g(N) would be cost A
150-1 plus cost B 150-2 (i.e., g(N) would be the least-cost
path between the new destination or the previous source LSR
110-1 and the third LSR 110-3 determined from the modified
Dijkstra’s algorithm above). Hence, f(N) might be cost D
150-4 plus cost C 150-3, plus cost A 150-1 plus cost B 150-2.
It is noted that if g(N) is unavailable, i.e., no heuristic infor-
mation is available from an earlier search using the modified
Dijkstra’s algorithm, g(N) is zero and f(N) has a same value as
ag(N).

At step 2.5, add N to the OPEN_SET.

Atstep 3, selecta LSR inthe OPEN_SET with alowest f{().
Delete the LSR from the OPEN_SET and add the LSR to the
CLOSED_SET. Itis noted that because cost A 150-1 plus cost
B 150-2 is in fact the actual least-cost between the new
destination LSR 110-1 and the third LSR 110-3, it provides an
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excellent and possibly perfect heuristic information for
searching a path from the new source LSR 110-5 back to the
new destination (or the previous source) LSR 110-1 through
the third LSR 110-3. Indeed, the third L.SR 110-3 is likely to
be selected at this step at a certain point while running this
algorithm as an intermediate LSR.

At step 4, repeat steps 2 and 3 until the new destination LSR
110-1 is reached or the OPEN_SET becomes empty.

FIG. 2 provides a high level block diagram summarizing
methods for searching a least-cost path between a source
node and destination nodes in an embodiment of the inven-
tion. Atblock 210, a user is allowed is to specify a first number
such that a total number of nodes in a plurality of nodes is at
least the first number; a plurality of least-cost paths from the
source node to the plurality of nodes is to be searched with the
modified Dijkstra’s algorithm. Alternatively, the number
might be specified as a percentage number of a total number
of'nodes. The user might also be allowed to specify a second
number of destination nodes that are to be specifically
searched for with the modified Dijkstra’s algorithm (this sec-
ond number is essentially the number of times that the modi-
fied Dijkstra’s algorithm is to be run).

At block 230, the modified Dijkstra’s algorithm is used to
search least-cost paths from the source node to the plurality of
nodes; a set of costs associated the least-cost paths is stored.
As noted above, it will be understood by those skilled in the
art that the plurality of nodes might include specific nodes to
which least-cost paths have been specifically searched for, as
well as nodes to which least-cost paths have been found while
searching for the least-cost paths to the specific nodes. For
example, in the above example, a least-cost path from the first
LSR 110-1 to the third LSR 110-3 happens to be specifically
searched for. It will be understood by those skilled in the art
that a least-cost path from the first LSR 110-1 to the second
LSR 110-2 might also be found while searching for the least-
cost path from the first LSR 110-1 to the third LSR 110-3.
Costs associated with the least-cost paths are stored. It is also
noted that any of the third LSR 110-3 or the second LSR
110-2 might be considered as an intermediate node at block
250 below.

The method might continue to block 250 if a total number
of' nodes in the plurality of nodes is at least the first number
specified by the user from block 210, and/or if a number of
destination nodes that have been specifically searched for
with the modified Dijkstra’s algorithm is at least the second
number specified by the user from block 210.

Atblock 250, least-cost paths between the source node and
other destination nodes is then searched with the A* algo-
rithm by using the set of costs as heuristic information. For
example, subsequently, a least-cost path from the fifth LSR
110-5 back to the first LSR 110-1 is searched by using heu-
ristic information obtained from searching for the least-cost
path from the first LSR 110-1 to the third LSR 110-3. The
third LSR 110-3 is likely to be selected as an intermediate
node based on the heuristic information, and a least-cost path
between the first LSR 110-1 and the fifth LSR 110-5 is thus
calculated in this embodiment. [east-cost paths to other des-
tination LSRs can likewise be calculated.

FIG. 3 is a flow diagram summarizing methods for search-
ing a least-cost path between a source node and at least a
destination node in an embodiment of the invention. As noted
above, a cost is associated with a link. At block 310, a user
might be allowed to simultaneously add, subtract, multiply, or
divide each cost associated with each link between adjacent
nodes by a factor. At block 315, the user might be allowed to
enter a command for selecting a method for searching a
least-cost path between a source node and a destination node.
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The method might be a new and improved method in accor-
dance with an embodiment of this disclosure. If the user does
not enter the command, a default method might be selected
automatically for the user.

At block 320, the user might be allowed to specify a num-
ber such that a total number of nodes in a plurality of nodes is
at least the number. For each node in the plurality of nodes, a
least-cost path among all possible paths from a source node to
the each node is to be searched, for example, by using the
modified Dijkstra’s algorithm. The user might alternatively
be allowed to specify a first percentage number such that a
total number of nodes in the plurality of nodes as a second
percentage number of a total number of nodes is at least the
first percentage number.

For example, if the user has specified zero at block 320,
then the modified Dijkstra’s algorithm might not be used.
Rather, the modified A* algorithm might be used even in an
initial search between a source node and a first destination
node. If the user has specified 30 at block 320, then the
modified Dijkstra’s algorithm is likely to be used in an initial
search from a source node to a first destination node. If, as a
result of the initial search, least-cost paths from the source
node to nineteen nodes other than the first destination node
have been found, then the modified Dijkstra’s algorithm is
likely to still be used in a second search from the source node
to a second destination node. If, as a result of the second
search, least-cost paths from the source node to nine nodes
other than the second destination node have been found, then
the modified A* algorithm is likely to be used in a third search
from the source node to a third destination node. This is
because by the time the third search is run, the first destination
node, nineteen nodes, the second destination node, and nine
nodes is at least 30 nodes. Alternatively, if there are a total of
150 nodes and the user has specified 20%, a similar result
would be achieved.

At block 325, the user might be allowed to specify a num-
ber of destination nodes that are to be specifically searched for
with the modified Dijkstra’s algorithm. This number is
expected to essentially be the number of times that the modi-
fied Dijkstra’s algorithm is to be run. As noted above, it will
be understood by those skilled in the art that the plurality of
nodes might include specific nodes to which least-cost paths
have been specifically searched for, as well as nodes to which
least-cost paths have been found while searching for the least-
cost paths to the specific nodes. This number is the number of
the specific nodes.

Atblock 340, a set of costs, with each cost being associated
with arespective one of a plurality of least-cost paths from the
source node to the plurality of nodes in a communication
network, might be determined. The plurality of nodes might
include an intermediate node. The intermediate node is asso-
ciated with an intermediate least-cost path in the plurality of
least-cost paths. For example, the intermediate node might be
the third LSR 110-3 above. As can be observed from the
above modified Dijkstra’s algorithm, each least-cost path in
the plurality of least-cost paths corresponds to a respective
one of the plurality of nodes. Each least-cost path in the
plurality of least-cost paths comprises a path from the source
node to the respective one of the plurality of nodes. The path
is associated with a cost, and the cost is a lowest cost among
costs associated with each path from the source node to the
respective one of the plurality of nodes. In some embodi-
ments, it might be possible to use Dijkstra’s algorithm with-
out constraint in determining a set of costs associated with
least-cost paths to all nodes.

At block 345, the set of costs might be stored. Volatile
memory, non-volatile memory, and/or other storage devices
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might be used to store this information. In some embodi-
ments, this information might also be transferred and stored at
a device or location other than the device and location where
the information is initially obtained. For example, the infor-
mation might be replicated and/or duplicated into another
LSR or another apparatus. The information might also be
collected and stored at a more central administrative station.
Conversely, the set of costs, once stored, might also be cleared
and/or refreshed.

At block 360, a least-cost path from the destination node to
the intermediate node might be determined, for example, by
using the modified A* algorithm above. For example, in the
example above, the least-cost path from the fifth LSR 110-5to
the third LSR 110-3, with the third LSR 110-3 being the
intermediate LSR, is determined; the cost associated with the
least-cost path is cost D 150-4 plus cost C 150-3.

At block 365, the intermediate node might be selected. For
example, in the example above, the third LSR 110-3 might be
selected at least considering cost A 150-1 plus cost B 150-2 is
in fact the actual least-cost between the first LSR 110-1 and
the third LSR 110-3. It is noted that cost A 150-1 plus cost B
150-2 provides an excellent and possibly perfect heuristic
information for searching a path from the fifth LSR 110-5 to
the first LSR 110-1 through the third LSR 110-3. It is also
noted that block 365 might be repeated multiple times as
multiple intermediate nodes are considered. Accordingly, the
least-cost path between the source node and the destination
node might then be calculated. At block 370, communication
data might be transmitted along the least-cost path between
the source node and the destination node. In some embodi-
ments, a representation of the least-cost path might be dis-
played for the user.

As alluded to earlier, it will be understood by those skilled
in the art that the modified A* algorithm might be run for any
number of additional destination nodes. For example, if least-
cost paths to J destination nodes are first found with the
modified Dijkstra’s algorithm, and there are a total of K
destination nodes for the source node, the modified A* algo-
rithm might be repeated (e.g., by returning to block 360) in
order to search for least-cost paths to the remaining K minus
J destination nodes. By returning to and repeating from block
360, the remaining destination nodes might be determined
without re-determining the set of costs. It is also noted that
while J is generally less than K, J might be the same as K. If
Jis the same as K, the modified Dijkstra’s algorithm is used to
search for all least-cost paths between the source node and all
destination nodes. Conversely, if J is zero, the modified A*
algorithm might still be used without being aided by heuristic
information.

Additionally, the algorithms might also be applied in a
reverse direction. For example, the modified Dijkstra’s algo-
rithm might be used to search for a plurality ofleast-cost paths
by treating a destination node (e.g., the fifth LSR 110-5) as a
source LSR in the algorithm. The modified A* algorithm
might then be used to search for a least-cost path from the first
LSR 110-1 to the fifth L.SR 110-5. Accordingly, a least-cost
path between the source node (e.g., the first LSR 110-1) and
the destination node (e.g., the fifth LSR 110-5) can also be
determined. Indeed, the modified Dijkstra’s algorithm and
the modified A* algorithm might be used to search in reverse
directions, but neither algorithm is restricted to search in a
particular direction.

Furthermore, in searching for a least-cost path from a
source node to a destination node, it might be possible that the
destination node is in fact a same node as the intermediate
node, and the least-cost path from the destination node to the
intermediate node would be a path to the destination node



US 9,049,145 B2

9

itself. It might also be possible that an intermediate node is in
a least-cost path between a source node and a first destination
node, as well as in a least-cost path between the source node
and a second destination node.

Moreover, a Path Computation Element (“PCE”) might
comprise an apparatus and/or instructions on a computer
readable medium in accordance with the embodiments
described above. A PCE is generally defined as an entity
(component, application, or network node) that is capable of
computing a network path or route based on a network graph
and applying computational constraints.

Thus, having described several embodiments, it will be
recognized by those of skill in the art that various modifica-
tions, alternative constructions, and equivalents may be used
without departing from the spirit of the invention. Accord-
ingly, the above description should not be taken as limiting
the scope of the invention, which is defined in the following
claims.

What is claimed is:
1. A method of determining an end-to-end least cost path
from a first edge label switch router (“LSR”) to a second edge
LSR in a multi-protocol label switching (“MPLS”) network
having a plurality of nodes between the first edge LSR and the
second edge L.SR, the method comprising:
using Dijkstra’s algorithm at least in part to search for a
first least cost path from the first edge LSR to each
respective node of the plurality of nodes, thereby deter-
mining a set of first least cost paths;
storing a set of first costs, wherein each of the first costs
corresponds to a respective one of the first least cost
paths;
using an A* algorithm at least in part to select the end-to-
end least cost path by:
initializing the second edge L.SR as a next node of the
end-to-end least cost path;

selecting an adjacent node of the next node as anew node
of'the end-to-end least cost path, in accordance with a
second cost of a second least cost path from the sec-
ond edge LSR to the new node, and in accordance
with the first cost of the first least cost path from the
first edge LSR to the new node;

setting the new node as the next node; and

repeating the selecting and the setting until the first edge
LSR is reached; and

transmitting communication data between the first and sec-
ond edge L.SRs via the end-to-end least cost path.

2. The method of claim 1, wherein the end-to-end least cost

path is an MPLS traffic engineering (TE) path.

3. The method of claim 1, wherein:

a first directional metric is associated with a first link from
a first node to a second node;

a second directional metric is associated with a second link
from the second node to the first node;

the first node is adjacent to the second node in the MPLS
network;

the first directional metric is used as a first cost associated
with the first link; and

the second directional metric is used as a second cost
associated with the second link.

4. The method of claim 1, wherein:

a first directional metric associated with a first link from a
first node to a second node is different from a second
directional metric associated with a second link from the
second node to the first node;

the first node is adjacent to the second node in the MPLS
network;
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the first directional metric is used as a first cost associated

with the first link; and

the first directional metric also is used as a second cost

associated with the second link.

5. The method of claim 1, further comprising receiving
input from a user to simultaneously multiply each cost asso-
ciated with each link between adjacent nodes in the MPLS
network by a factor.

6. The method of claim 1, wherein the Dijkstra’s algorithm
is used without constraint, and wherein the plurality of nodes
comprises all nodes between the first edge LSR and the sec-
ond edge LSR in the MPLS network.

7. The method of claim 1, further comprising receiving
from a user a number such that a total number of nodes in the
plurality of nodes is at least the number.

8. The method of claim 1, wherein the end-to-end least cost
path from the first edge L.SR to the second edge LSR satisfies
at least one constraint.

9. The method of claim 1, further comprising repeating the
using the A* algorithm for a plurality of second edge L.SRs in
the MPLS network without reusing the Dijkstra’s algorithm
and without re-storing the set of first costs.

10. The method of claim 1, further comprising receiving
from a user a first percentage number, wherein a percentage of
a first total number of nodes in the plurality of nodes is at least
the first percentage number when compared with a second
total number of nodes in the MPLS network.

11. A non-transitory computer readable storage medium
having a computer-readable program embodied therein for
directing operation of an apparatus including a controller,
wherein the computer-readable program includes instruc-
tions for operating the apparatus for determining an end-to-
end least cost path from a first edge label switch router
(“LSR”) to a second edge LSR in a multi-protocol label
switching (“MPLS”) network having a plurality of nodes
between the first edge LSR and the second edge LSR in
accordance with the following:

using Dijkstra’s algorithm at least in part to search for a

first least cost path from the first edge LSR to each
respective node of the plurality of nodes, thereby deter-
mining a set of first least cost paths;

storing a set of first costs, wherein each of the first costs

corresponds to a respective one of the first least cost
paths;

using an A* algorithm at least in part to select the end-to-

end least cost path by:

initializing the second edge LSR as a next node of the
end-to-end least cost path;

selecting an adjacent node of the next node as anew node
of'the end-to-end least cost path, in accordance with a
second cost of a second least cost path from the sec-
ond edge LSR to the new node, and in accordance
with the first cost of the first least cost path from the
first edge LSR to the new node;

setting the new node as the next node; and

repeating the selecting and the setting until the first edge
LSR is reached.

12. The non-transitory computer readable storage medium
of claim 11, wherein the end-to-end least cost path is an
MPLS traffic engineering (TE) path.

13. The non-transitory computer readable storage medium
of claim 11, wherein:

a first directional metric is associated with a first link from

a first node to a second node;

a second directional metric is associated with a second link

from the second node to the first node;
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the first node is adjacent to the second node in the MPLS
network;

the first directional metric is used as a first cost associated
with the first link; and

the second directional metric is used as a second cost
associated with the second link.

14. The non-transitory computer readable storage medium

of claim 11, wherein:

a first directional metric associated with a first link from a
first node to a second node is different from a second
directional metric associated with a second link from the
second node to the first node;

the first node is adjacent to the second node in the MPLS
network;

the first directional metric is used as a first cost associated
with the first link; and

the first directional metric also is used as a second cost
associated with the second link.

15. The non-transitory computer readable storage medium
of claim 11, wherein the computer-readable program further
includes instructions for operating the apparatus in accor-
dance with the following:

receiving input from a user to simultaneously multiply
each cost associated with each link between adjacent
nodes in the MPLS network by a factor.

16. The non-transitory computer readable storage medium
of claim 11, wherein the Dijkstra’s algorithm is used without
constraint, and wherein the plurality of nodes comprises all
nodes between the first edge L.SR and the second edge L.SR in
the MPLS network.

17. The non-transitory computer readable storage medium
of claim 11, wherein the computer-readable program further
includes instructions for operating the apparatus in accor-
dance with the following:

receiving from a user a number such that a total number of
nodes in the plurality of nodes is at least the number.

18. The non-transitory computer readable storage medium
of claim 11, wherein the end-to-end least cost path from the
first edge LSR to the second edge SR satisfies at least one
constraint.

19. The non-transitory computer readable storage medium
of claim 11, wherein the computer-readable program further
includes instructions for operating the apparatus in accor-
dance with the following:

repeating the using the A* algorithm for a plurality of
second edge [.SRs in the MPLS network without reusing
the Dijkstra’s algorithm and without re-storing the set of
first costs.

20. The non-transitory computer readable storage medium
of claim 11, wherein the computer-readable program further
includes instructions for operating the apparatus in accor-
dance with the following:

receiving from a user a first percentage number, wherein a
percentage of a first total number of nodes in the plural-
ity of nodes is at least the first percentage number when
compared with a second total number of nodes in the
MPLS network.

21. An apparatus for determining an end-to-end least cost
path from a first edge label switch router (“LLSR”) to a second
edge LSR in a multi-protocol label switching (“MPLS”) net-
work having a plurality of nodes between the first edge LSR
and the second edge LSR, the apparatus comprising:

a communication interface;

a non-transitory computer readable storage medium;

a controller; and

a set of instructions executable by the controller, the set of
instructions comprising:
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instructions for using Dijkstra’s algorithm at least in part
to search for a first least cost path from the first edge
LSR to each respective node of the plurality of nodes,
thereby determining a set of first least cost paths;
instructions for storing a set of first costs, wherein each
of'the first costs corresponds to a respective one of the
first least cost paths;
instructions for using an A* algorithm at least in part to
select the end-to-end least cost path by:
initializing the second edge L.SR as a next node ofthe
end-to-end least cost path;
selecting an adjacent node of the next node as a new
node of the end-to- end least cost path, in accor-
dance with a second cost of a second least cost path
from the second edge LSR to the new node, and in
accordance with the first cost of the first least cost
path from the first edge L.SR to the new node;
setting the new node as the next node; and
repeating the selecting and the setting until the first
edge LSR is reached.

22. The apparatus of claim 21, wherein the end-to-end least
cost path is an MPLS traffic engineering (TE) path.

23. The apparatus of claim 21, wherein:

a first directional metric is associated with a first link from

a first node to a second node;

a second directional metric is associated with a second link
from the second node to the first node;

the first node is adjacent to the second node in the MPLS
network;

the first directional metric is used as a first cost associated
with the first link; and

the second directional metric is used as a second cost
associated with the second link.

24. The apparatus of claim 21, wherein:

a first directional metric associated with a first link from a
first node to a second node is different from a second
directional metric associated with a second link from the
second node to the first node;

the first node is adjacent to the second node in the MPLS
network;

the first directional metric is used as a first cost associated
with the first link; and

the first directional metric also is used as a second cost
associated with the second link.

25. The apparatus of claim 21, the set of instructions further
comprising receiving input from a user to simultaneously
multiply each cost associated with each link between adjacent
nodes in the MPLS network by a factor.

26. The apparatus of claim 21, wherein the Dijkstra’s algo-
rithm is used without constraint, and wherein the plurality of
nodes comprises all nodes between the first edge L.SR and the
second edge L.SR in the MPLS network.

27. The apparatus of claim 21, the set of instructions further
comprising receiving from a user a number such that a total
number of nodes in the plurality of nodes is at least the
number.

28. The apparatus of claim 21, wherein the end-to-end least
cost path from the first edge LSR to the second edge LSR
satisfies at least one constraint.

29. The apparatus of claim 21, the set of instructions further
comprising repeating the using the A* algorithm for a plural-
ity of second edge L.SRs in the MPLS network without reus-
ing the Dijkstra’s algorithm and without re-storing the set of
first costs.

30. The apparatus of claim 21, the set of instructions further
comprising receiving from a user a first percentage number,
wherein a percentage of a first total number of nodes in the
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plurality of nodes is at least the first percentage number when
compared with a second total number of nodes in the MPLS
network.

31. The apparatus of claim 21, wherein a Path Computation
Element (“PCE”) comprises the apparatus. 5

#* #* #* #* #*



